Introduction
The mitochondrial genome of metazoans is typically a circular DNA molecule of ca. 16 kb which is highly variable in sequence (Brown, George, and Wilson 1979) . A much lower amount of variation is found in the relative arrangement of the 37 genes usually encoded in it, of which there are one each for the small and large ribosomal subunit RNAs (s-i-RNA and l-i-RNA), 13 for protein subunits (cytochrome oxidase I-III [COl-31, ATP synthase 6 and 8 [A6 and A8], NADH dehydrogenase l-6 and 4L ND4L] , and cytochrome b apoenzyme
[Cytb]), and 22 for tRNAs. One or more regions of variable length that appear not to code for structural genes are also typical. These and other features of metazoan mtDNA have been summarized elsewhere (Brown 1985; Wolstenholme 1992; .
The arrangement of the genes in metazoan mitochondrial DNA (mtDNA) has been hypothesized to contain phylogenetic information of use in determining the order of ancient divergences based on the low frequency of gene rearrangements observed (Brown 1985; Moritz, Dowling, and Brown 1987; Jacobs et al. 1988; Smith et al. 1993; Brown 1994b, 1995; Macey et al. 1997) . For example, one arrangement predominates among vertebrates, although variant arrangements found in some taxa can be derived from it by one or two rearrangement events (see Macey et al. [1997] for an excellent summary). In this case, it is clear that the predominant arrangement is also ancestral, since it is shared among several vertebrate classes and since a species representative of the' sister taxon to vertebrates, the ceph-alochordate Brunchiostoma Joridue (unpublished data), has an arrangement identical to it for all the genes whose positions have been found to vary among vertebrates. An ancestral gene arrangement is also discernible for the four extant echinoderm classes so far examined, albeit with somewhat more variation than has been observed within vertebrates or arthropods: echinoids and holothuroids differ from asteroids and ophiuroids by an inversion of one large genomic segment, and several tRNA positions differ among the four lineages (Smith et al. 1989 (Smith et al. , 1993 .
However, in mollusks (Hoffmann, Boore, and Brown 1992; Lecanidou, Doris, and Rodakis 1994; Terrett, Miles, and Thomas 1994; Hatzoglou, Rodakis, and Lecanidou 1995; Brown 1994a, 1994b ; unpublished data) and nematodes (Okimoto et al. 1991 (Okimoto et al. , 1992 , the pattern of a single phylum-characteristic gene arrangement is broken, and radically different intragroup arrangements exist. All insect and crustacean mitochondrial gene arrangements studied conform to one basic pattern, typified by Drosophila mtDNA (Clary and Wolstenholme 1985) , within which some variation in tRNA gene position is seen (Crozier and Crozier 1993; Mitchell, Cockburn, and Seawright 1993; Valverde et al. 1994; Flook, Rowell, and Gellissen 1995) . However, no complete mitochondrial gene arrangement is known from a representative of the chelicerates, a third major arthropod group. We fill that gap by reporting here the gene arrangement of the horseshoe crab Limulus polyphemus L. (Merostomata: Xiphosurida), which we determined by sequencing, in the aggregate, 8.5 kb of mtDNA from those regions that identify and link its 37 mitochondrial genes and A+T-rich region.
Materials and Methods
Purified Limulus mtDNA of type 1 (Saunders, Kessler, and Avise 1986 ) was a gift from John Avise (University of Georgia, Athens). Limulus mtDNA was digested with Xba I, and the two resulting fragments were cloned into Bluescript@@ vectors (Stratagene); these clones were used for subsequent subcloning and sequencing.
Dideoxy-sequencing employed T3 and T7 primers, modified T7 polymerase (Sequenasem), and standard protocols.
Products were labeled with [35S]dATPc& (1,000 Ci/mmol; New England Nuclear) and separated on 60-cm 6% acrylamide gels. Custom primers were employed to obtain sequence information from internal regions. Some sequences were confirmed by cycle sequencing, using ABI PRISM@' dye terminator chemistry and analysis on ABI 373 or 377 automated sequencers (ABI/Perkin-Elmer).
Mitochondrial protein and rRNA gene sequences were identified and aligned with the corresponding Drosophila yakuba sequences (Clary and Wolstenholme 1985) . Eugene software on a Sun Microsystems workstation, BLAST searches (Altschul et al. 1990) , and Clustal W version 1.4 (Thompson, Higgins, and Gibson 1994) were employed. As a class, tRNA genes were identified as sequences between protein and/or r-RNA genes with the potential to form tRNA-like secondary str..tctures; specific tRNA gene identities were assigned according to their anticodons, which are highly conserved among metazoans. Contiguous sequences from one or both strands were obtained through 36 of the 38 expected gene and A+T-region boundaries. These sequences are deposited in GenBank under accession numbers AFOO2644-AFO02653 (except for U29708, previously reported in .
Results and Discussion
The size of Limulus mtDNA, estimated by summation of restriction fragments (Saunders, Kessler, and Avise 1986) , is ca. 16 kb. We have determined 8.5 kb of nonoverlapping sequence, an amount sufficient to account for the positions and orientations of 13 proteincoding genes, 2 x-RNA genes, 22 tRNA genes, and a noncoding region that is positionally homologous to the A+T-rich region in Drosophila yakuba mtDNA. The sequence orientations are shown in greatly abbreviated form in figure 1. The positions and orientations of all protein and rRNA genes and of the A+T-rich region are identical to those of D. yakuba (Clary and Wolstenholme 1985) and Artemia franciscana (Valverde et al. 1994) (fig. 2 ). Those and many other studies of insect and crustacean mtDNAs provide a picture of overall mtDNA stability as regards gene arrangement, but with some variation in tRNA gene position. This report extends that conclusion to a third arthropod class, the Chelicerata.
Base Composition and Gene Content
For the 8,459 bases of Limulus mtDNA sequenced, the nucleotide (nt) composition of the strand encoding most (9/13) of the protein genes is A = 3,095, T = 2,638, G = 855, C = 1,871. The G+C-content (32.2%) differs significantly from that of the corresponding sequence in Drosophila yakuba (21.4%), despite the similarity of these two mtDNAs in other respects. Limulus mtDNA contains 13 open reading frames (ORFs) that correspond unambiguously to the 13 protein-subunit genes typical of metazoan mtDNAs: COl-3, A6 and A8, NDl-6, ND4L, and Cytb. Both l-x-RNA and s-rRNA genes are present, along with the full complement of 22 tRNA genes typical of metazoan mtDNAs ( fig. 1 ).
Unassigned DNA A large region (ca. 1.3 kb), corresponding in position to the A+T-rich region of Drosophila mtDNA, lies between the s-rRNA and tRNAne genes (figs. 1 and 2). The 161-nt portion we sequenced from this region is rich in A+T (39.1% A and 37.3% T). However, the A+T content of this sequence is only slightly higher than those of nearby regions, and is less than the corresponding portions of the A+T-rich region of Drosophila (A+T > 90%; Clary and Wolstenholme 1985) . Thus, because of the small number of nt sampled, the slightly increased A+T content over that of other regions may not be significant, although an elevated A+T content is a general feature of noncoding regions of metazoan mtDNAs.
Gene Arrangement
The mitochondrial gene arrangement of Limulus, nearly identical to those of Drosophila and Artemiu, differs from each by an inverted translocation of the tRNALeu(uuR) e g ne which, in Drosophila and Artemia, is located between and transcribed from the same strand as the CO1 and CO2 genes (Clary and Wolstenholme 1985) but, in Limulus, is between the ND1 and tRNAhu(cuN) genes and is transcribed from the opposite strand of that coding for CO1 and C02. This arrangement, with its attendant phylogenetic implications, was discussed in an earlier study ). An additional difference between Limulus and Artemia, which corresponds to a translocation of the adjacent gene pair tRNAne-tRNAGin and an inversion of tRNA1te, is inferred to result from events specific to the Artemia lineage, since the position and relative orientations of this gene pair are identical not only in Limulus and Drosophila, but also in three other crustaceans (Duphnia-Van Raay and Crease 1994; Homarus and Daphnia- Penaeus-Garcia-Machado et al. 1996) . These differences notwithstanding, the conservation of the mitochondrial gene arrangement is noteworthy and remains a general feature of arthropod mtDNAs. One or more representatives from several arthropod classes have now been surveyed and, although a few differences in tRNA gene positions have been noted, thus far no variation in the relative arrangement or polarity of protein or ribosomal RNA genes has been observed.
Gene pairs whose sequences overlap are common in metazoan mtDNAs (see Wolstenholme 1992) , and Limulus mtDNA has at least seven of these. In five (t-RNA-Q'-CO1 , tRNAG'"-tRNAPhe, tRNA""-tRNAG'", tRNAoln_tRNAMet and tRNATv-tRNACys; fig. l ), the overlapping genes are encoded on opposite mtDNA strands and, thus, the transcripts do not overlap. However, in two (A8-A6 and tRNAArg-tRNAAsn), the genes and its extent is depicted by a horizontal bar; in several cases, genes are contiguous with sequence shown on the preceding or succeeding line. Genes shown above the DNA sequence are transcribed from left to right; those below are transcribed from right to left. The inferred amino acids at the amino and carboxy termini of protein genes are given, using their single-letter abbreviations. The number of nucleotides intervening between the sequence portions shown is displayed between slashes (I/) when known, and between brackets ({ }) when estimated from combined sequence and cleavage mapping data. Nucleotides participating in termination codons are underscored with carets (A). Question marks within brackets [??] between the adjacent A6K03, ND4/ND4L, and srRNA/NCR indicate that contiguous sequence across those junctions was not obtained.
are encoded on the same strand, and two functional transcripts cannot be resolved by cleavage. AS-A6 overlaps are common, and there is evidence that the two proteins are translated from a single bicistronic message by initiation at a 5' terminal start site for A8 and at an internal start site for A6 (reviewed in Wolstenholme 1992) . The case of tRNAArs-tRNAAsn is more difficult; these genes overlap by 2 nt, and processing of a transcript having the same sequence as the genes will result in a 2-nt truncation of one or a 1-nt truncation of both tRNAs. Two-nucleotide overlaps between tRNA gene pairs have also been seen in mollusk and annelid mtDNAs, and alternate processing, posttranscriptional editing, and relaxed constraints on tRNA structure have been invoked as possible mechanisms for resolving the two products Brown 1994a, 1995) .
Translation Initiation and Termination Signals
Sequences across 22 of the 26 termini of the 13 Limulus protein genes were obtained ( fig. 1 ). Termini were inferred by their adjacency to flanking genes and by the similarity of their amino acid sequences to those reported for termini of the corresponding genes in other metazoans. All termini are shown in figure 1 and are summarized in table 1.
Members of the four-codon family ATN initiate translation in 10 of the 11 genes whose 5' ends could be identified with confidence. The start codon for the eleventh, COl, could not be identified. Neither an in-frame ATN codon nor an alternate initiation codon (GTG, TTG, GTT and ATAA; Boore and Brown 1994b; Wolstenholme 1992 ) occurs within 40 nt of the expected CO1 initiation site in Limulus. We have designated an Clary and Wolstenholme (1985) and Valverde et al. (1994) . respectively. in-frame TTA codon as the initiation site in figure 1 , since a similar codon, TTG, initiates several genes in nematode mtDNAs (Okimoto et al. 1992) . This is purely conjectural, however, and identification of the actual site must await more definitive data (e.g., the mRNA or protein sequence).
In Limulus mtDNA, 5 of the 11 genes for which 3' sequences were determined end with a complete termination codon (TAA or TAG); the remaining 6 end in T or TA, which is presumably converted to UAA by polyadenylation after cleavage of the presumptive polycistronic transcript (Ojala, Montoya, and Attardi 1981, reviewed in Wolstenholme 1992) .
Transfer RNA Genes Twenty-two Limulus mtDNA regions could be folded into tRNA-like structures with acceptable anticodons ( fig. 3 ). Of these, 18 have a T at position 8, which corresponds to the first turn at the base of the acceptor arm; the remaining 4 have an A in this position, an alternative that is often seen in metazoan mitochondrial tRNAs. All anticodons are immediately preceded by (C/T)-T and followed by (G/A). The most mismatched stem among the 22 tRNAs is in the T\CIC arm of tRNAG'".
The positions and polarities of 21 of the 22 tRNA genes are identical to those in Drosophila yakuba mtDNA ( fig. 2) , the single exception being the t-
mALeu(UUR)
gene. The 22 tRNA genes correspond to the standard set found in metazoan mtDNAs. No other tRNA-like sequences were identified in Limulus.
The 22 anticodons employed are sufficient for translating the genetic code found in most invertebrate mitochondrial systems. Excluding that of tRNAMet, 12 of the remaining 21 anticodons have T in the "wobble" (i.e., first anticodon) position, 8 have G, and one (tRNALys) has C. Among the 9 tRNAs with anticodons that recognize four-fold degenerate codons, 8 have T in the wobble position, and the ninth, tRNASercAGN), has G ( fig. 2, table 2 ). Of the 12 anticodons that recognize twofold degenerate codons, 7 have G in the first position, and 1 (tRNALYs) has C. Comparisons of anticodons with codon usage (table 2) indicate that the 7 anticodons with G in the first position bind predominantly to codons ending in T rather than C, even though C would pair more stably. The situation for tRNALys is similar; the codon AAA is used over five times as frequently as the more stably pairing AAG. Although seemingly paradoxical, this situation is similar to those in Drosophila (Clary and Wolstenholme 1985) and Artemia (Valverde et al. 1994) , except that in Artemia, AAA and AAG are used with equal frequency.
The usage could simply result from the strong A +T bias found in these mtDNAs. Many similar cases of C/A (anticodon/codon) mispairing at the wobble position are known, but the mechanism for tolerating this mispairing remains unexplained (see Wolstenholme [ 19921 for a summary and discussion) .
All Limulus anticodons are identical. with their counterparts in Drosophila yakuba. Although most metazoan mitochondrial systems utilize tRNAMetcAUG) and tRNALYS(UUU) variation in these anticodon sequences has been obierved.
For example, the variant tRNAMet@tJA) h as been found among mollusks (Hoffmann, Boore, and Brown 1992 , Boore and Brown 1994a , 1994b , and the variant tRNALyS(UUG) has been found in isolated taxa among arthropods (Limulus, Drosophila [Clary and Wolstenholme 19851 and Artemia [Valverde et al. 19941 ) and echinoderms (Cantatore et al. 1989) . The mosaic pattern of this variation in the relatively small number of species whose mt-tRNA genes have been characterized suggests that the wobble position in at least some metazoan mt-tRNAs is under less stringent selection than it is in cytoplasmic tRNAs, possibly as a result of compensating base modifications in the tRNAs, a "two out of three" recognition pattern for some codons/anticodons, or relaxed constraints on codon/anticodon recognition in metazoan mitochondrial translation systems.
Protein and Ribosomal RNA Genes
With the exception of that for A8, the amino acid sequences translated from the ORFs found in Limulus mtDNA were readily alignable to those of protein-coding genes in Drosophila yakuba mtDNA, and conserved sequence elements and secondary structures allowed positive identification of portions of the s-and l-r-RNA genes. Although the incomplete sequences of those genes cannot provide some parameters (e.g., gene sizes), after alignment with sequences from other taxa they can be compared and used to make provisional estimates of others, such as percent amino acid identity (table 1) and relative codon usage (table 2) .
The A8 gene could not be unambiguously identified by sequence comparisons alone, and two additional criteria, gene size and hydrophilicity profile, were used. The latter, calculated by the method of Kyte and Doolittle (1982) , had a broad, bimodally negative peak over the 5' half of the gene and a positive peak at the 3' end, a pattern similar to those of A8 genes in other metazoan taxa.
Provisional alignments of the sequenced portions of the Limulus s-t-RNA and l-x-RNA genes with the corresponding Drosophila sequences showed a high level of identity (73.2% for 541 nt and 68.5% for 646 nt, respectively; data not shown).
Phylogenetic

Implications of Gene Arrangement
The gene arrangement ( fig. 1 ) in Limulus polyphemus mtDNA is similar to those in other arthropods ( fig.  2) , thus extending the observation that mitochondrial gene arrangement is conserved to chelicerates. Although some variation in tRNA gene position occurs, the relative arrangement of protein and rRNA genes is identical in all arthropods so far investigated. This result parallels a similarly high degree of conservation found among chordates (Macey et al. 1997 ), but contrasts with the differences observed among (and in one case within) some molluscan classes (Hoffmann, Boore, and Brown 1992; Brown 1994a, 1994b; Lecanidou, Doris, and Rodakis 1994; Terrett, Miles, and Thomas 1994; Hatzoglou, Rodakis, and Lecanidou 1995; unpublished data) and within nematodes (Okimoto et al. 1991 (Okimoto et al. , 1992 .
The single difference between Limulus mtDNA organization and that of Drosophila is in the position of tRNALeU(UUR) (fig. 2) . That discovery and its far-ranging phylogenetic implications were reported in detail by , who concluded that the relative position of the two tRNALeu genes in Limulus, 5' to and encoded on the same strand as the ND1 gene, is consistent with the hypothesized ancestral state for vertebrates, mollusks, annelids and other arthropods. As also pointed out in that study, the failure of Limulus to share the same derived position for the mt-tRNALeUcUUR) gene as insect and crustacean species supports the hypothesis that insects and crustaceans form a derived, monophy- AA  T  A A  Ir,II/;  A  ACCG  III  T  T  T  A  AGA   GGC  C   T-AAGA   TAAAAT  A  T  T-A  AG   A   C-G  C-G  T-A  T-A  A-T  A-T  C-G  A-A  A-T  A-T  C-G  A-T  C  A  T  A  T  A  T  GTT*   T  A  T  A  GTC GCA letic group from which chelicerates are excluded (see also Friedrich and Tautz 1995) .
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The Limulus data indicate that the basic arrangement of genes in arthropod mtDNA was established prior to and has been relatively stable over at least 530 Myr. The chelicerate lineage to which Limulus belongs, Xiphosurida, was well established by the mid-Silurian, 420 MYA (Fisher 1984) , and the divergence of chelicerates and crustaceans had taken place prior to Middle Cambrian, 530 MYA, because a definitive chelicerate (Sunctucaris; Briggs and Collins 1988) and a representative crustacean (Cunaduspis; Briggs 1978 ) are both present in the Burgess shale. Conservation over this long period could suggest either strong positive selection for this particular gene arrangement or a strong mechanistic barrier to changes NOTE.-N = the number of occurrences of each codon; % = the percentage of total codon usage over all genes based on 1,933 codons. Only complete codons were included in the analysis. Anticodons for each corresponding tRNA are shown in parentheses beneath their respective amino acid designations.
